Rhizobium leguminosarum is a plant-associated bacterium that can form a symbiotic relationship with leguminous plants. Rhizobia must respond to significantly different environments during their biphasic lifestyle. The cell envelope is an important cellular feature that must be able to adapt to changing environments. Mutations in rhizobial genes required for proper cell envelope development have been identified based on growth deficiencies on peptide-rich media. Using transposon mutagenesis and screening of mutants for loss of growth on peptide-rich media, this study identified RL4716 as being required for proper cell envelope function in R. leguminosarum. Mutation of RL4716 results in an altered cell morphology, and an increase in permeability to the non-polar probe 1-N-phenylnaphthylamine, indicating a role of RL4716 in maintaining cell envelope integrity. The mutation also affected phenotypes that are known to be dependent on genes associated with a functional cell envelope including decreased desiccation tolerance and a decreased ability to form biofilms.
INTRODUCTION
Rhizobium leguminosarum is well known as a plant-associated bacterium that is capable of fixing atmospheric nitrogen for important leguminous food crops such as Pisum sativum (peas) and Lens culinaris (lentils). In a symbiotic event, R. leguminosarum infects a plant root hair, ultimately triggering a series of events that result in the formation of a root nodule. Rhizobial cells differentiate into bacteroids within the nodule and reduce atmospheric nitrogen to ammonia for uptake by the plant, while the plant supplies carbon to the bacteroid cells (Gibson, Kobayashi and Walker 2008) . Given that rhizobia are facultative symbionts they can also live freely in the rhizosphere, where they can encounter a large range of changing environmental conditions such as temperature, water availability and microbial competition. The transition from a free living rhizobial cell to a bacteroid cell results in extensive changes to the cell envelope (Le Quere et al. 2006; Vedam et al. 2006) . Adaptation to the changing environmental conditions within the rhizosphere environment requires a complex, regulatory network to control the expression of cell envelope genes, thereby providing the necessary adaptive changes for survival (Danino et al. 2003; Bakker et al. 2013) . Given the critical role of the cell envelope to rhizobial cell physiology, the gene networks involved for cell envelope development and adaptation warrant further investigation. Furthermore, it is also important to investigate cell envelope development within the rhizobia, to expand the fundamental understanding of cell envelope physiology beyond model organisms like Escherichia coli (Vanderlinde et al. 2009; Vanderlinde et al. 2010) .
Transposon mutagenesis and phenotypic screening remains an effective tool to identify new genes required for particular bacterial cellular functions. Previous experiments have shown that rhizobial strains containing mutations in genes associated for proper cell envelope development are often unable to grow on peptide-rich media (Beringer 1974; Nogales et al. 2006; Gibson et al. 2007; Beck et al. 2008; Soto et al. 2009; Vanderlinde et al., 2009 Vanderlinde et al., , 2010 . This study characterizes RL4716, which was shown through a previous transposon screen to be non-viable on tryptone-yeast (TY) media (Neudorf 2015) . RL4716 was found to be necessary for proper cell envelope function in R. leguminosarum, providing new insight to gene function in cell envelope development and improving the functional annotation of the R. leguminosarum 3841 genome.
MATERIALS AND METHODS

Strains and growth requirements
Rhizobium leguminosarum bv. viciae 3841 and resultant mutant strains were cultured in either Vincent's minimal media (VMM) amended with 10 mM mannitol (Vincent 1970) , or TY media (Beringer 1974) . Where required glycine was added to VMM at a concentration of 3 mM. VMM and TY media were amended with antibiotics at the following concentrations (μg ml −1 ): streptomycin, 500; gentamycin, 30; and neomycin, 100, when required. Escherichia coli strains were cultured using Lysogeny Broth (LB) medium and amended with antibiotics at the following concentrations when required (μg ml −1 ): spectinomycin, 100; tetracycline, 10; and ampicillin, 100. To observe cell phenotypes, strains were cultured on VMM medium. Cells from the VMM cultures were subsequently used to heavily inoculate VMM, TY and VMM containing 3 mM glycine. Cell morphology phenotypes were observed after 16 h of incubation.
Plant nodulation analysis
Pisum sativum seeds were surface sterilized by shaking in 2.5% sodium hypocloride for 5 min, then in 70% ethanol for 5 mins, completed with three washes using sterile water. Sterile seeds were then permitted to germinate at room temperature in the dark on water agar plates. After 72 h, seeds were planted in modified magenta jars (Vincent 1970) containing sterile vermiculite as the root growth substrate, as well as 200 mL of Hoagland's plant solution (Hoagland and Arnon 1938) . Each jar contained two pea seeds, which after 24 h were inoculated with 500 μl of the appropriate R. leguminosarum strain (pelleted and resuspended in sterile water). After 4 weeks of growth, plant phenotypes were observed and nodules were harvested.
Insertional mutagenesis of RL4716
Insertional mutagenesis was performed using the suicide vector pJQ200SK and the approach of Quandt and Hynes (1993) . A 502-bp internal fragment of RL4716 was PCR amplified using primers RL4716IF (5 -CTCTCCTTCGACGCTTTCAT-3 ) with an added SstI linker and RL4716IR (5 -CGACGAAATTAGGCTCTCCA-3 ) with an clone the PCR amplicon. Digestion with restriction enzymes SstI and XbaI excised the RL4716 fragment from the pGem-T Easy Vector, and the fragment was ligated into the same sites of the pJQ200SK vector to create pJQRL4716. The pJQRL4716 construct was transformed into the E. coli S17-1, which is capable of conjugating pJQRL4716 into R. leguminosarum 3841. Conjugation was performed using previously established methods . The resultant insertional mutants were verified using PCR to confirm the disruption of RL4716.
RL4716 complementation in a RL4716 mutant
A 1051-bp fragment containing RL4716 and 177bp from the upstream region was PCR amplified using the primers RL4716Fcomp Vector (Promega) was used to clone the PCR amplicon. Digestion with restriction enzymes BamHI and SacI liberated the RL4716 fragment from the pGem-T Easy Vector, and the DNA fragment was ligated into the same sites of the pHC41 broad-host range plasmid. pRL4716comp was transformed into E. coli strain S17-1 and was conjugated into the single crossover mutant strain. Streptomycin and tetracycline-resistant colonies were assayed for growth on TY.
In silico analysis of RL4716
Sequences were obtained from RhizoBase (http://genome. kazusa.or.jp/rhizobase/) and were analyzed using NCBI BLASTP and BLASTN (Altschil et al. 1997) . Phobius and TMpred were used to analyze transmembrane topology and to predict signal peptides (Hofmann and Stoffel 1993; Kall, Krogh and Sonnhammer 2004) . Sequences were aligned and phylogeny was constructed using CLC Genomics Workbench version 9.0 (CLC Bio, Aarhus, Denmark), using a bootstrap cutoff value of 70%.
Biofilm assays
A method from Neudorf et al. (2015) and adapted from Fujishige et al. (2006) and O'Toole and Kolter (1998) was used to quantify biofilm development. Inoculums of about 1 × 10 7 CFU ml −1 were diluted 1 in 15 using VMM broth. 150 μl of the diluted cell suspensions were subsequently aliquoted into 96-well plates (Corning CellBIND Surface). The plates were sealed with parafilm and incubated at 30
• C for 48 h at 100 rpm. Following incubation, the wells were rinsed with sterile water and stained at room temperature for 15 min using 200 μl of 0.4% crystal violet. Stain was removed and wells were rinsed three times using 200 μl of sterile water. Biofilms were enumerated by solubilizing the adhering crystal violet with 200 μl of 95% ethanol and measuring optical absorbance at 550 nm. Uninoculated wells and wild-type inoculated wells were included as controls. Complemented strain is able to grow on all three types of media.
Desiccation tolerance and outer membrane permeability assays
The approach of Ophir and Gutnick (1994) , with modifications by Gilbert, Vanderlinde and Yost (2007) , was used to quantify desiccation tolerance. Briefly, cells were cultured in VMM broth and diluted 10-fold. Cells were subsequently filtered through S-Pak type HA 0.45 μM membranes, using Microfil funnels and a Millipore Vacuum Manifold. Membranes were divided and incubated at 30
• C for 48 h, on either water agar or inside an empty Petri dish under ambient conditions. Following desiccation treatment, cells were removed from sterile membranes by vortexing the membranes for 5 min in 3 ml of water. Cells were then serial diluted and spot plated on VMM medium. Percent survival following desiccation stress was determined using the ratio of CFU ml −1 (desiccated) to CFU ml −1 (hydrated).
The cellular uptake of fluorescent probe 1-Nphenylnaphthylamine (NPN) can be used to assess outer membrane integrity, as described by Helander and MattilaSandholm (2000) , and adapted by Neudorf et al. (2015) . Cells were cultured in VMM broth overnight and were then transferred in 200 μl aliquots to a 96-well plate containing 50 μl NPN in 40 μmol l −1 HEPES buffer. Fluorescence was enumerated using an emission wavelength of 405 nm and an excitation wavelength of 355 nm. Uninoculated wells and wild-type inoculated wells were included as controls.
RESULTS
RL4716 is essential for growth in peptide-rich culture media Neudorf (2015) had previously identified that Tn5 insertion in RL4716 resulted in a growth-defective phenotype whereby the mutant is incapable of growth on TY media or VMM supplemented with 3 mM glycine. Insertional disruption of RL4716 due to integration of pJQ200 via single crossover recombination verified the results of the Tn5 insertion genotype (Fig. 1) . Glycine supplemented VMM was included in the study as glycine has been shown to interfere with proper cell wall biosynthesis in rhizobia (Hammes, Schleifer and Kandler 1973) . It is also worth noting that Rhizobium leguminosarum strains produce extra EPS when grown on VMM versus TY medium (Skorupska et al. 2006) which is reflected in Fig. 1 . Complementation of a wild-type version of RL4716 in the single crossover mutant 3841pJQ4716 restored growth of the mutant on TY and glycine supplemented VMM (Fig. 1) . This complementation result supports the earlier results of the Tn mutagenesis (Neudorf 2015) and confirms that the mutation to RL4716 is directly involved in the loss of growth function. Mutation of RL4716 did not impact the symbiotic relationship with pea plants. Pea root inoculation of the mutant strain containing the RL4716 Tn5 insertion resulted in the formation of normal nitrogen fixing root nodules, which resembled wildtype nodules, both in appearance and abundance. Furthermore, the plants did not show signs of nitrogen deficiency and looked identical to plants that had been inoculated with the wild-type strain.
RL4716 is predicted to code for a hypothetical protein containing a transglycosylase SLT domain
RL4716 is described as a hypothetical protein in the annotated genome of R. leguminosarum 3841. Pfam and CDD searches of the coding region of RL4716 identified a putative transglycosylase SLT 2 domain, a membrane-bound lytic murein transglycosylase B domain and a conserved domain of unknown function (DUF480). A Phobius prediction of RL4716, which can predict signal peptides and transmembrane topology (Kall, Krogh and Sonnhammer 2004) , predicts a signal peptide present in the first 24 aa with high probability (0.992), and the remainder is predicted to be non-cytoplasmic, suggesting its location in the periplasm. No significant transmembrane helices were predicted using TMpred (Hofmann and Stoffel 1993) .
Homologs of RL4716 are present within the sequenced genomes of plant-associated rhizobiales including R. etli, Agrobacterium tumefaciens, Sinorhizobium meliloti; homologs are also found within pathogenic rhizobiales such as Brucella melitensis (Fig. 2) . Three additional lytic transglysocylase genes were found in the R. leguminosarum genome (RL0131, RL3329, RL4082) and were included in the phylogenetic analysis (Fig. 2) . What is interesting to note is that RL4716 tends to cluster with other Rhizobium genera and Alphaproteobacteria, while RL0131, RL3329 and RL4082 are more closely related to lytic transglycosylases found in Betaproteobacteria and Gammaproteobacteria such as Yersinia pestis and Cupriavidus taiwanensis (Fig. 2) . Overall, the majority of RL4716 homologs represent strains involved in plant symbioses, with a few exceptions (e.g. Rhodobacter sphaeroides, B. melitensis).
Mutation of RL4716 affects cell morphology and destabilizes the outer membrane
Previous studies have observed alterations in cell morphology of R. leguminosarum when grown in the presence of glycine and yeast extract (Sherwood 1972; Skinner, Roughley and Chandler 1977; Vanderlinde et al. 2011) . The cell morphologies of the RL4716 mutant and the wild type were examined using light microscopy. Mutant cells that were incubated on solid TY media were circular, enlarged and distorted compared to the rodshaped wild-type cells, when observed using transmission electron microscopy (Fig. 3) , while mutant cells that were incubated for extended time on TY were no longer visible likely due to subsequent cell lysis. Similar cell shapes were observed for the mutant when incubated on VMM containing 3 mM glycine. Cell morphology was restored to a wild-type phenotype when the mutant was complemented with the vector carrying a wild-type version of gene RL4716. To determine the effect of a mutation to RL4716 to outer membrane integrity, NPN uptake into the outer membrane was examined. The 3841pJQ4716 mutant had a 1.7-fold increase in NPN uptake when compared to the wild type (P = 0.0002; Fig. 4) . Complementation of the mutant strain with a functional copy of RL4716 restored fluorescence to levels observed in wild-type cells. Figure 5 demonstrates that the mutant strain produced 1.5-fold less biofilm material than the wild type (P = 0.023). Desiccation sensitivity was also investigated and the mutant cells were 3.8-fold more susceptible to desiccation when compared to the wild-type strain (P = 0.001; Fig. 6 ). Complementation of the mutant strain with a wild-type copy of RL4716 restored biofilm formation and desiccation tolerance to wild-type levels.
Mutation of RL4716 results in reduced biofilm formation and desiccation tolerance
DISCUSSION
Proteins within the lytic transglycosylase (LT) family are ubiquitous in both Gram-negative and Gram-positive bacteria. LTs play an important role in peptidoglycan metabolism (Koraimann 2003) . Within the peptidoglycan, the hydrolytic enzymatic action creates space to allow for expansion of the peptidoglycan and insertion of various macro-molecule structures. Macromolecules Figure 6 . Desiccation assay results displayed as relative rates of cell death when grown under desiccated conditions. The pJQ4716 mutant was less able to withstand desiccation when compared to the wild-type strain (P = 0.001).
such as flagella, pili and secretion systems are too large to pass through the cross linked cell wall, and thus require a peptidoglycan cleaving enzyme to remodel the layer and form a sufficiently large space (Koraimann 2003) . LTs are also used for recycling 1,6-anhydromuropeptides in Gram-negative bacteria, which are transported back into the cytoplasm for reuse. LTs are considered to be autolytic and their expression and activity are tightly controlled to avoid cell lysis and ensure cell survival. Although not previously described in Rhizobium, an Escherichia coli model describes most LTs as being membrane-bound lipoproteins associated with the inner leaflet of the outer membrane (Blackburn and Clark 2002; Scheurwater, Reid and Clarke 2007) .
The increased desiccation sensitivity and decreased outer membrane integrity observed in the RL4716 mutant strain suggest that loss of LT function yields pleiotrophic impacts that have been previously associated with a functional cell envelope. There is no information currently available regarding a possible role of lytic transglycosylases in biofilm formation in R. leguminosarum. However, two lytic transglycosylases (MltE and MltC) in Salmonella enterica are involved in a signaling pathway that links cell wall turnover to biofilm formation (Monteiro et al. 2011) . Additionally, a lytic transglycosylase of Neisseria meningitidesis associated with the release of extracellular DNA was also found to effect the organisms' ability to form biofilms (Lappann et al. 2010) . The link between RL4716 and proper biofilm formation merits further study. However, the pleiotropic nature of the RL4716 mutation will make it challenging to conclusively identify direct linkages.
Sensitivity of a RL4716 mutant strain to glycine supports the bioinformatic data predicting this gene as a peptidoglycanassociated transglycosylase. High concentrations of glycine in bacterial culture media have been shown to interfere with peptidoglycan cross-linking and peptidoglycan synthesis (Hammes, Schleifer and Kandler 1973; Skinner, Roughley and Chandler 1977) . It is possible that the mutant strain's lack of an enzyme associated with peptidoglycan remodeling results in the strain's inability to remove the glycine-containing peptidoglycan precursors. A clear mechanism for the TY growth-deficient phenotype remains elusive; however, the high peptide concentration and subsequent amino acid catabolism occurring in cells grown on TY provide a compelling correlation between amino acid catabolism and peptidoglycan synthesis. Similar to high concentrations of glycine, the higher concentrations of amino acids may impair proper peptidoglycan synthesis in strains that have lost genes required for proper peptidoglycan synthesis and maintenance. A high concentration of inhibitory amino acids would be unlikely to occur in cells cultured on VMM where amino acid biosynthesis is tightly regulated.
In addition to RL4716, the R. leguminosarum 3841 genome contains three other predicted LTs (RL0131, RL3329, RL4082). However, the roles of these predicted periplasmic LTs have not yet been investigated in R. leguminosarum. Interestingly, RL4716 was found to cluster with other Rhizobium genera and Alphaproteobacteria, while RL0131, RL3329 and RL4082 are more closely related to lytic transglycosylases found in Beta-and Gammaproteobacteria such as Yersinia pestis and Cupriavidus taiwanensis. The results suggest that RL4617 is not required for the symbiotic process; however, given the mutants increased sensitivity to desiccation and outer membrane destabilization it is likely a RL4617-deficient strain would be challenged in the rhizosphere. Future investigation into the functional differences between these R. leguminosarum homologs would be valuable in understanding the unique roles of each LT in cell envelope function and cell physiology. Lee et al. (2013) investigated seven LTs in E. coli and found that they exhibited a broad ability to perform exolytic reactions, while maintaining unique distinctions, such as a preference for either a non-cross-linked or cross-linked cell wall.
In conclusion, the previously uncharacterized gene RL4716 has been experimentally demonstrated to be important to the normal cellular functioning of R. leguminosarum that is consistent with a role for the gene in the proper functioning of the cell envelope.
